Neurosteroids are endogenous steroids acting in the central nervous system. They participate in synaptic plasticity, memory and learning, Alzheimer's disease, and certain drug reward. Some mechanisms behind these effects are thought to be nongenomic, e.g., they modulate the function of the N-methyl-D-aspartate (NMDA) receptor complex. In this study, we used a Chinese hamster ovary cell line stably transfected with NMDA receptor constituents NR1/NR2B, to investigate the effects of nanomolar concentrations of the neurosteroids pregnenolone sulfate (PS) and pregnanolone sulfate (3␣5␤S) Neurosteroids are endogenous steroids that act as potent modulators at NMDA and GABA A receptors (Compagnone and Mellon, 2000) . As a result, they may regulate important processes such as plasticity (Klangkalya, 2005) , memory and learning (Shimizu et al., 2000) , and neuroprotection and Alzheimer's disease (Weill-Engerer et al., 2002) . Pregnenolone sulfate (PS) and pregnanolone sulfate (3␣5␤S) are neurosteroids that interact at distinct sites on the NMDA receptor complex to modulate its function Horak et al., 2004; Johansson et al., 2005b) . This modulation may account for some of the rapid, nongenomic effects generated by these compounds in the central nervous system. Neurosteroids, and sulfated neurosteroids in particular, are present at relatively low concentrations in the rat brain (Higashi et al., 2003; Liu et al., 2003) . Nonetheless, when PS is administered at femtomole concentrations by intracerebroventricular injection to rodents, processes involving the NMDA receptor are affected (Flood et al., 1995; Mathis et al., 1996; Meziane et al., 1996; Weaver et al., 1997) . In contrast, in electrophysiological experiments, much higher (micromolar) concentrations of the steroids are required to achieve modulatory effects on recombinant NMDA receptors (Mukai et al., 2000; Malayev et al., 2002) . In these studies, PS acted as a positive allosteric modulator, stimulating the agonistinduced response of NMDA receptor complexes composed of NR1/NR2A or NR1/NR2B subunits, whereas 3␣5␤S was inhibitory (Malayev et al., 2002) . Similar effects of PS and 3␣5␤S at micromolar concentrations were found when Ca 2ϩ influx was measured in CHO cells stably expressing the NMDA receptor NR1/NR2B subtype (Mukai et al., 2000) .
mate stimulation. Although the steroids did not alter the response to glutamate, they influenced the extent of ifenprodil blockade of the receptor: PS increased and 3␣5␤S decreased this effect. The coincubation of several NMDA receptor ligands in the assay indicated that PS and 3␣5␤S act via different binding sites from those for glutamate, glycine, and dithiothreitol. Combining the two steroids revealed that they do not share a common binding site. In conclusion, these results substantiate previous evidence of the allosteric modulatory effect induced by PS and 3␣5␤S on NMDA receptors at nanomolar concentrations. The neurosteroid-mediated modulation of the receptor is also reflected in an altered glutamate stimulated [Ca 2ϩ ] i , in response to ifenprodil.
Neurosteroids are endogenous steroids that act as potent modulators at NMDA and GABA A receptors (Compagnone and Mellon, 2000) . As a result, they may regulate important processes such as plasticity (Klangkalya, 2005) , memory and learning (Shimizu et al., 2000) , and neuroprotection and Alzheimer's disease (Weill-Engerer et al., 2002) . Pregnenolone sulfate (PS) and pregnanolone sulfate (3␣5␤S) are neurosteroids that interact at distinct sites on the NMDA receptor complex to modulate its function Horak et al., 2004; Johansson et al., 2005b) . This modulation may account for some of the rapid, nongenomic effects generated by these compounds in the central nervous system. Neurosteroids, and sulfated neurosteroids in particular, are present at relatively low concentrations in the rat brain (Higashi et al., 2003; Liu et al., 2003) . Nonetheless, when PS is administered at femtomole concentrations by intracerebroventricular injection to rodents, processes involving the NMDA receptor are affected (Flood et al., 1995; Mathis et al., 1996; Meziane et al., 1996; Weaver et al., 1997) . In contrast, in electrophysiological experiments, much higher (micromolar) concentrations of the steroids are required to achieve modulatory effects on recombinant NMDA receptors (Mukai et al., 2000; Malayev et al., 2002) . In these studies, PS acted as a positive allosteric modulator, stimulating the agonistinduced response of NMDA receptor complexes composed of NR1/NR2A or NR1/NR2B subunits, whereas 3␣5␤S was inhibitory (Malayev et al., 2002) . Similar effects of PS and 3␣5␤S at micromolar concentrations were found when Ca 2ϩ influx was measured in CHO cells stably expressing the NMDA receptor NR1/NR2B subtype (Mukai et al., 2000) .
Ifenprodil, a noncompetitive antagonist of the NMDA receptor that is selective for the NR2B subunit (Chenard and Menniti, 1999; Williams, 2001) , is commonly used as a pharmacological tool. We recently published studies demonstrating that sulfated neurosteroids differentially affect the binding of ifenprodil to rat cortical membranes (Johansson and Le Greves, 2005; Johansson et al., 2005a) . The altered [ prodil binding kinetics, occurring within a narrow, nanomolar range of neurosteroid concentrations, suggests an allosteric modulation of the ifenprodil binding site. In this article, we report our investigation of the functional effects of this type of modulation by measuring Ca 2ϩ influx in the CHO cell line expressing the NR1/NR2B receptor (CHO-E2) established by Uchino et al. (2001 (Johansson et al., 2005b) . The neurosteroid-induced effect was also confirmed in a functional assay.
Materials and Methods

Materials
[ 3 H]Ifenprodil (67 Ci/mmol) was purchased from PerkinElmer Life and Analytical Sciences (Boston, MA). Ifenprodil, Folin, Ciocalten's Phenol Reagent, p-[dipropylsulfamoyl] benzoic acid (probenecid), Lglutamate, dithiothreitol (DTT), and puromycin were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). PS and 3␣5␤S were purchased from Steraloids (Newport, RI). Fura-2 acetomethoxy ester (Fura-2 AM) and glycine were purchased from Fluka (Buchs, Switzerland). G-418 and blasticidin S HCl were purchased from Invitrogen (Lidingö, Sweden). Dulbecco's modified Eagle's medium, trypsin/EDTA, and fetal bovine serum were obtained from Invitrogen (Carlsbad, CA). The CHO-E2 cell line was a generous gift from Dr. S. Uchino (Department of Neurochemistry, National Institute of Neuroscience, Tokyo, Japan) (Uchino et al., 2001) . APV was purchased from Tocris Cookson Inc. (Avonmouth, UK). Complete, Mini Protease Inhibitor Cocktail Tablets were purchased from Roche Diagnostics (Mannheim, Germany). Other chemicals were of analytical grade from commercial sources.
Cells
Cell Culturing. CHO-E2 cells were grown in a controlled environment with a humidified atmosphere containing 5% CO 2 at 37°C. The culture medium [Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1.2 mg/ml G-418 (Geneticin), 2 g/ml blasticidin S HCl, and 10 g/ml puromycin] was changed every sixth day. The cells were grown to approximately 80% confluence, and then they were split 1:3, generally every sixth day, using trypsin/ EDTA (0.05 and 0.02%, respectively), before transferring them to fresh 100-mm culture dishes (Sarstedts, Nü rnbrecht-Rommelsdorf, Germany).
Heat Induction. In the CHO-E2 cell line, the expression of functional NR1/NR2B receptors is under the control of the Drosophila 70-kDa heat shock protein promoter (Uchino et al., 2001) . To induce expression, culture dishes containing 1.5 ϫ 10 5 cells cm Ϫ2 were incubated for 2 h at 43°C in a controlled, humidified environment containing 5% CO 2 , and then they were maintained at 37°C for 6 h in culture medium supplemented with 1 mM DL-2-amino-5-phosphonopentaoic acid (APV).
Receptor Binding
Cell Membrane Preparation for Receptor Binding. The cells were harvested after brief incubation in trypsin/EDTA at 37°C and centrifuged at 1000g for 5 min. The supernatant was decanted, and the pellet was dissolved in homogenizing buffer (50 mM Tris/HCl, pH 7.4). Centrifugation was performed three times, and the final pellet was dissolved in a small amount of the same buffer and then homogenized in a Polytron homogenizer (Brinkmann Instruments, Westbury, NY). More homogenizing buffer was added to the homogenate, which was then centrifuged at 35,000g for 15 min. The pellet was dissolved in freezing buffer (10 mM Tris/HCl, pH 7.4, and 10% sucrose), and the well washed membranes were stored at Ϫ80°C. The protein content was measured by the method described by Lowry et al. (1951) . The membrane preparation was also conducted in the presence of an enzyme inhibitor cocktail (Complete, Mini; Roche Diagnostics, Mannheim, Germany), to evaluate receptor degradation during the homogenization procedure. Because there were no significant differences in total [
3 H]ifenprodil specific binding, enzyme inhibitors were subsequently excluded.
[ 3 H]Ifenprodil Binding Assay. Triplicate incubations were carried out in a total volume of 250 l in 96-well Vee bottom microtiter plates (Sarstedts, Stockholm, Sweden) for 30 min (45 min in the saturation experiments) at 37°C (water bath), to establish equilibrium. The assays were carried out in the presence of 6.0 nM [ 3 H]ifenprodil (except for the saturation experiments; see below) in balanced salt solution (BSS: 130 mM NaCl, 5.4 mM KCl, 2.0 mM CaCl 2 , 5.5 mM glucose, and 10 mM HEPES, pH 7.3), supplemented with 50 g of protein, 1.0 mM trifluoroperazine (to block [ 3 H]ifenprodil binding to non-NMDA receptors), 100 M glutamate, and 10 M glycine. PS and 3␣5␤S were dissolved in BSS. All experiments were carried out in the absence or presence of PS or 3␣5␤S. Nonspecific binding was determined in the presence of 100 M unlabeled ifenprodil. To make sure that no sulfatases were active, the assays were first conducted in the presence of the sulfatase inhibitor estradiol (100 M) (Santner and Santen, 1993) , but because this made no difference to the outcome, estradiol was excluded from the final assay. The assays were performed in a robot workstation (Biomek 2000; Beckman Coulter, Fullerton, CA). Bound radioligand was rapidly separated from unbound ligand by filtration (96-well harvester; Tomtec, Hamden, CT) through Filtermat B glass fiber filters (PerkinElmer Wallac, Turku, Finland), under reduced pressure. The filters were rinsed four times with 3 ml of cold homogenizing buffer. The filters were vacuum dried slightly, before being removed and left to finish drying overnight at room temperature. Solid MeltiLex B/HS (PerkinElmer Wallac) was melted onto the dried filters, and the scintillation was then measured in a beta-counter (Microbeta TriLux; PerkinElmer Wallac).
Saturation Studies. Saturation isotherms were created from three independent series of [ 3 H]ifenprodil saturation binding experiments (using eight concentrations between 0.01 and 40 nM). The results were analyzed using nonlinear curve fitting and compared for the best fit (one or two binding sites), using the equations for one binding site:
and for two binding sites: (2) where B max is the maximum density of NR1/NR2B receptors, and K d is the dissociation constant of [ 3 H]ifenprodil at the NR1/NR2B receptor.
Competition Studies. The displacement studies of [ 3 H]ifenprodil were performed with different concentrations of unlabeled ifenprodil (10 pM-1 M). The results were analyzed using nonlinear curve fitting and compared for the best fit (one or two binding sites), using the equations for one binding site:
and for two binding sites: (Cheng and Prusoff, 1973) :
Dissociation Studies. The dissociation of [ 3 H]ifenprodil from the NMDA receptor was studied at a fixed concentration of 6.0 nM [ 3 H]ifenprodil. The experiment began at equilibrium, reached after 30 min, and dissociation was initiated by the addition of excess unlabeled ifenprodil (1.0 mM, final concentration). The results were analyzed using nonlinear curve fitting and compared for the best fit (one or two binding sites), using the equations for one binding site:
and for two binding sites:
ϪKoff 2 ϫ t (7) where B t is the specific binding at time t, B eq is the specific binding at equilibrium, B t 2nd site is the plateau between the first and second binding sites, and K off 1 and K off 2 are the dissociation rate constants. Interaction Studies. To determine whether the two neurosteroids share the same site, two interaction experiments were conducted. First, we tested the effects of PS (0.1-10 nM) on total specific [ 3 H]ifenprodil binding in the presence of 1 or 10 nM 3␣5␤S. The reversed situation was also tested: 3␣5␤S (1-100 nM) in the presence of 1 or 10 nM PS. To test whether the modulatory sites for the two neurosteroids at nanomolar concentrations are shared with other NMDA receptor ligands, experiments on total specific [ 3 H]ifenprodil (6.0 nM) binding in the presence of PS or 3␣5␤S and one on glutamate (100 M), the glutamate antagonist APV (1 mM), glycine (10 M), or the reducing (redox site ligand) DTT (4 nM) were carried out.
Calcium Measurements
Cell Preparation for [Ca 2؉ ] i Measurements. The cells were harvested after brief incubation in trypsin/EDTA at 37°C, and then they were centrifuged at 300g for 5 min. The supernatant was decanted, and the pellet was dissolved in BSS. Centrifugation was performed three times, and the pellet was then dissolved in a small amount of BSS.
Loading of Fluorescence. Heat-activated cells were gently centrifuged (300g; 3 min); resuspended in 100 l of BSS supplemented with 5 M Fura-2 AM, 0.001% cremophore EL, and 1 mM probenecid; and incubated for 45 min. Extracellular Fura-2 AM was removed by dilution, gentle centrifugation, and decantation, and the cells were resuspended in fresh BSS (50,000 cells in 100 l), now supplemented with 100 M trifluoroperazine, and then distributed in 96-well black, round-bottomed plates (NUNC A/S, Copenhagen, Denmark) for immediate [Ca 2ϩ ] i measurement. [Ca 2؉ ] i Measurement. [Ca 2ϩ ] i measurements were run in a fluorescence plate reader (POLARstar; BMG, Offenburg, Germany) at 37°C. The cells were illuminated alternately at 340 and 380 nm. The emitted signals were recorded at 510 nm. The quotient of the emission generated from 380 nm divided by the emission generated from 340 nm was calculated. Baseline measurements were established, and a mixture of glutamate and glycine (final concentrations of 100 and 10 M, respectively, dissolved in BSS) was added to the well by a pump (100 ml/min Ϫ1 ). The cells were preincubated, initially with the steroids and then with other substances, before measurement. The baseline was established, and the glutamate and glycine solution was added. The peak signal was monitored for 45 s per well. The peak counts were compared with the maximum stimulation level, and they were then translated into calcium ion concentrations. Each experiment was performed four times in quadruplicates.
Data Analysis. The data were assembled and analyzed using nonlinear regression in Microsoft Excel (Microsoft, Redmond, WA) and Prism 4.0 (GraphPad Software Inc., San Diego, CA). Where appropriate, one-way analysis of variance (ANOVA) or partial F-test was used for data analysis, considering P Ͻ 0.05 as significant level. ANOVA was followed by Dunnett's multiple comparisons post-hoc test.
Results
[ 3 H]Ifenprodil Binding and Effects of Ifenprodil on [Ca
2؉ ] i in CHO-E2 Cells. To be able to compare receptor binding data for the CHO-E2 cell line to those obtained from the functional Ca 2ϩ influx assay, it was necessary to optimize the receptor binding assay at 37°C in the presence of glutamate, because ifenprodil displays temperature- (Hashimoto and London, 1993) and glutamate-dependent receptor binding kinetics to the NMDA receptor (Kew et al., 1996) . The results showed that the double amount of protein and a 10-fold concentration of radioligand were required to achieve a total binding similar to that seen at 25°C. In accordance, the concentration of trifluoroperazine [used to block other [ 3 H]ifenprodil targets, including 1 receptors, the piperazine acceptor site (Coughenour and Barr, 2001) , and ␣ 1 receptors (U' Prichard et al., 1977) ] was also used at 10 times higher concentration compared with assays performed at 25°C. The addition of 1 mM trifluoroperazine neither affected the [ 3 H]ifenprodil specific binding to the NR2B site, nor its affinity (Fig. 1A) . The binding to nonheat-activated cells was low (Fig. 1B) . Binding was concentration-dependent and saturable ( Fig. 2A ] i . The influence of PS was significantly greater between 0.1 and 100 nM than at other concentrations. The activity curve was bell-shaped and seemed to peak at 1 nM (Fig. 3) . The presence of 0.1 to 10 nM PS exposed another binding site for [ 3 H]ifenprodil with different characteristics. This effect was seen in saturation ( Fig. 4A ; Table 1), competition ( Fig. 4B ; Table 2 ), and dissociation ( Fig. 4C; Table 3 ) experiments. Contributory evidence was also provided by the ability of PS to modulate the low-affinity site in this concentration range, by increasing the affinity for [
3 H]ifenprodil, as shown in saturation and dissociation experiments. These results are in line with our previous experiments conducted on rat frontal cortex membranes (Johansson et al., 2005a) .
The [Ca 2ϩ ] i experiments ( Fig. 4D ; Table 4 ) added to the relevance of these findings. The presence of PS (0.1, 1, and 10 nM) increased the inhibiting effects of ifenprodil on calcium influx at its EC 50 . The presence of PS also altered the inhibition characteristics for ifenprodil, changing the one-site inhibition slope into a two-site slope, indicating the presence of a newly revealed, high-affinity site for ifenprodil (Table 5 ). ] i . The influence of 3␣5␤S was significantly greater at concentrations of 1 to 100 nM than at other concentrations. The activity curve of 3␣5␤S was U-shaped, reaching its nadir at 10 nM (Fig. 3) . Between 1 and 100 nM, 3␣5␤S induced changes to [ 3 H]ifenprodil binding characteristics ( Fig. 5B ; Table 2 ). In the [Ca 2ϩ ] i experiments ( Fig. 5D ; 
Discussion
Our experiments with CHO-E2 cells, designed as a tool for selective studies of the NR1/NR2B NMDA receptor complex, demonstrate that PS and 3␣5␤S at nanomolar concentrations exert different effects on [ 3 H]ifenprodil binding. These findings are comparable with our previous results from experiments with rat cortical membranes (Johansson et al., 2005a) . Effects of the neurosteroids were also visible as changes in [Ca 2ϩ ] i levels after partial ifenprodil inhibition of glutamatestimulated NR1/NR2B receptors.
To characterize the [ 3 H]ifenprodil binding specificity to the NR1/NR2B receptors on the CHO-E2 cell line, we studied the binding on heat-and nonheat-activated cells. [ 3 H]Ifenprodil displayed no or very low binding to nonheat-activated cells, indicating that its affinity to activated cells almost entirely was to NR1/NR2B receptors (Fig. 1B) . Further strengthening the absence of [ 3 H]ifenprodil binding to non-NMDA receptors in heat-activated cells was the low binding at 37°C, a temperature known to favor 1 receptor binding (Hashimoto and London, 1993) and the finding that trifluoroperazine did not lower B max for radio ligand (Fig. 1A) . However, we included trifluoroperazine in the assay to emulate the conditions as in the studies on cortical membranes (Johansson and Le Greves, 2005; Johansson et al., 2005a) . Other workers have also suggested that [ 3 H]ifenprodil binds to two different (lowand high-affinity) sites on the NMDA receptor (Nicolas and Carter, 1994) . The low-affinity binding site on the NMDA receptor was discriminated against by the use of low concen- (Kostenis and Mohr, 1996; Limbird, 2004) . Because the neurosteroids changed the disso- The saturation experiments were carried out as described under Materials and Methods. The data B max (femtomoles per milligram) and K d (nanomolar) are means Ϯ S.E.M. of three separate experiments, collected in a TriLux beta-counter. Cell homogenate was preincubated with neurosteroid and trifluoroperazine for 15 min, before ͓ 3 H͔ifenprodil and ifenprodil were added. After 45 min, incubation was terminated by rapid filtration, and the residue was measured for beta-radiation. The experiment and incubations were performed at 37°C.
Compound
One-Site Fit Two-Site Fit 160.4 Ϯ 8.6 11.1 Ϯ 1.5 † Significantly better two-site fit (F Ͼ 2.35, P Ͻ 0.05), analyzed using Prism software (GraphPad Software Inc.).
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763 at ASPET Journals on July 12, 2017 jpet.aspetjournals.org ciation pattern of [ 3 H]ifenprodil without displacing it, an allosteric interaction with the NMDA receptor can be assumed. This is further supported by our results for the Hills coefficient (n H ). An n H value different from Ϫ1 suggests the presence of another binding site, and, in our competitive experiments, PS (0.1-10 nM) and 3␣5␤S (1-100 nM) both affected the competition curves to present n H values significantly different from Ϫ1. The saturation experiments in the continual presence of the neurosteroids also suggested the presence of second binding sites. The results from the experiments on total specific binding, performed at a nonsaturated concentrations of The competitive experiments were carried out as described under Materials and Methods. The data are means Ϯ S.E.M. of three separate experiments, collected in a TriLux beta-counter. Cell homogenate was preincubated with neurosteroid and trifluoroperazine for 15 min, before ͓ 3 H͔ifenprodil and ifenprodil were added. After 30 min, incubation was terminated by rapid filtration, and the residue was measured for beta-radiation. The experiment and incubations were performed at 37°C. The kinetic experiments were carried out as described under Materials and Methods. The data are means Ϯ S.E.M. of three separate experiments, collected in a TriLux beta-counter. Cell homogenate was preincubated with neurosteroids and trifluoroperazine for 15 min, before ͓ 3 H͔ifenprodil was added, and it was allowed to equilibrate for 30 min. Ifenprodil was subsequently added, and, after 60 min, incubation was terminated by rapid filtration, and the residue was measured for beta-radiation. The experiment and incubations were performed at 37°C. the differential modulation generated by PS and 3␣5␤S (Fig.  3) . Taken together, the results from the binding experiments on NR1/NR2B-expressing CHO cells show great similarities with those obtained on rat cortical membranes (Johansson et al., 2005b) , indicating that the NMDA receptor studied in the two investigations are of equal subunit composition.
In rat cortical membranes, we previously demonstrated that the positive allosteric effect of PS on [ 3 H]ifenprodil binding was decreased in the presence of glutamate (Johansson et al., 2005b) . This effect, observed at 30 nM PS, was proposed to originate from an interaction between the PS site and the site of action for glutamate. In CHO-E2 cells, decreased modulatory effect in the presence of glutamate was seen at all three PS concentrations inducing a two-site fit binding curve. The negative modulatory effect of 3␣5␤S on [ 3 H]ifenprodil binding was, as in rat cortical membranes, not sensitive to glutamate, supporting the notion that PS and 3␣5␤S act at separate sites on the NR1/NR2B receptor. This is further strengthened by the fact that the two neurosteroids did not interact competitively on one another's modulatory effect curves. The addition of ligands for some other known targets on the NMDA receptor (redox, APV, and glycine sites) did not interfere with the effects of the neurosteroids.
In addition, in the functional calcium-influx assay, data suggest an allosteric modulation induced by the steroids. PS changed the dose-response curve for ifenprodil inhibition of glutamate-stimulated [Ca 2ϩ ] i from an one-to a The ͓Ca 2ϩ ͔ i experiments were carried out as described under Materials and Methods. The data are means Ϯ S.E.M. of four separate experiments, collected in a PolarStar fluorescence plate reader. The cells were preincubated with neurosteroid and trifluoroperazine for 5 min, and then they were preincubated with ifenprodil 50 nM (final concentration) for 30 min, before baseline was established and then glutamate (100 M, final concentration) was added during measurement. Incubations and experiments were performed at 37°C. two-site fit at all three concentrations altering the binding characteristics for [
3 H]ifenprodil. For 3␣5␤S, this effect was seen only at 10 nM. Moreover, and in line with the receptor binding results, PS potentiated whereas 3␣5␤S decreased ifenprodil inhibition of glutamate-activated calcium influx. It seems likely that the effects of the steroids seen in the functional assay reflect those observed in the receptor binding studies.
Ifenprodil acts via the proton sensor site on the NMDA receptor, enhancing the negative modulation of receptor activity by protons (Mott et al., 1998) , an effect that can be counteracted by spermine (Traynelis et al., 1995) . Based on studies of chimeric NMDA receptor subunits, Jang et al. (2004) identified a steroid modulatory domain on the NR2B subunit. The 78-amino acid segment was shown to be important for the action of PS, spermine, and protons but not for ifenprodil. The interaction between PS (at nanomolar concentrations) and ifenprodil as seen in our experiments may thus involve other site(s) of action for PS compared with those studied at much higher concentrations. These targets can represent high-and low-affinity sites for some neurosteroids where the former sites may mediate in vivo effects seen after administration of very low amounts of these compounds (Flood et al., 1995; Mathis et al., 1996; Meziane et al., 1996; Weaver et al., 1997) . We propose that PS and 3␣5␤S at physiological concentration can change ifenprodil binding by converting the receptor site from a one-site state into a twosite state. This will subsequently affect proton sensitivity and the ion channel opening.
Taken together, these findings support our previous results that neurosteroids allosterically induce new [ 3 H]ifenprodil binding characteristics, including altered affinity for the NR1/NR2B NMDA receptor. We have shown that neurosteroids at nanomolar concentrations act via binding sites separate from several known targets on the NMDA receptor, suggesting the existence of unique targets for the steroids. The results are also supported by the altered ifenprodil inhibitory effect on glutamate stimulated [Ca 2ϩ ] i . In the continuation, the PS-induced positive allosteric modulation of [ 3 H]ifenprodil binding to the NMDA receptor may favor the neuroprotective properties of ifenprodil. By using PS as an adjunct to ifenprodil, the dose may be lowered to levels where The specific total binding experiments were carried out as described under Materials and Methods. The data are means Ϯ S.E.M. of three separate experiments, collected in a TriLux beta-counter. The cell homogenate was preincubated with neurosteroid, trifluoroperazine, and other ligands for 15 min, before ͓ 3 H͔ifenprodil and ifenprodil were added. After 30 min, incubation was terminated by rapid filtration, and the residue was measured for beta-radiation. The experiment and incubations were performed at 37°C. 
Compound
